MicroRNAs comprise a novel group of gene regulators implicated in the development of different types of cancer; however, their role in primary pigmented nodular adrenocortical disease (PPNAD) has not been investigated. PPNAD is a bilateral adrenal hyperplasia often associated with Carney complex, a multiple neoplasia syndrome; both disorders are caused by protein kinase A (PKA) regulatory subunit type 1A (PRKARIA)-inactivating mutations. We identified a 44-micro-RNA gene signature of PPNAD after comparing PPNAD with normal adrenal samples. Specifically, 33 microRNAs were upregulated and 11 down-regulated in PPNAD relative to normal tissues. These results were validated by stem loop real-time PCR analysis. Comparison of microRNA microarray data with clinicopathologic variables revealed a negative correlation (r = À0.9499) between let-7b expression and cortisol levels in patients with PPNAD.
Introduction
Primary pigmented nodular adrenocortical disease (PPNAD) is a rare form of bilateral adrenal hyperplasia that is linked to Carney complex (1) . PPNAD is the most frequent endocrine tumor in patients with Carney complex and it presents with excess cortisol secretion and symptoms of Cushing syndrome in early life (2) . PPNAD is caused by inactivating mutations of the gene coding for the regulatory (R) subunit 1A of the protein kinase A (PKA) enzyme (PRKAR1A). According to biochemical studies, PPNAD tumors exhibit increased PKA activity upon cyclic AMP stimulation (3) , mainly attributed to the overexpression of other regulatory subunits, deficient control of the catalytic subunit, and consequently, deregulation of the PKA holoenzyme (4) . A recent study revealed the differential expression of several important genes implicated in steroidogenesis and cell proliferation signaling pathways between PPNAD and normal adrenal tissues (5) .
MicroRNAs consist of a novel class of gene regulators, specifically in the posttranscriptional level (6) . MicroRNA expression has been studied extensively in the past few years, establishing microRNA signatures in several types of cancer (7) . In the present study, we identified a microRNA gene signature for PPNAD; furthermore, we found that let-7b microRNA was highly associated with midnight cortisol levels, an index of clinical severity of the Cushing syndrome caused by PPNAD tumors. In addition, using a PPNAD cell line, we identified the inhibition of miR-449 and up-regulation of its target gene WNT1-inducible signaling pathway protein 2 (WISP2). These results suggest that PKA, through microRNA regulation, affects the Wnt signaling pathway, which several other studies have shown is important in the regulation of PRKAR1A-related tumorigenesis and in adrenocortical oncogenesis in general.
Materials and Methods
Subjects. Patients were seen at the Eunice Kennedy Shriver National Institute of Child Health and Human Development under protocol 95-CH-0059, approved by the Institutional Review Board. All patients gave their informed consent and signed the related forms. We studied 10 patients diagnosed with Cushing syndrome caused by Carney complex and/or PPNAD (Supplementary Table S1 ; Supplementary Methods). Adrenal samples were collected during bilateral adrenalectomy, dissected and kept in À80jC until use. Four normal adrenal samples were used as controls; three of them were commercially available RNA adrenal samples (Ambion, Biochain) and a single normal adrenal tissue sample obtained from a cadaver through the National Development and Research Institutes, Inc. (New York, NY).
MicroRNA expression analysis. The RNA isolation was performed using the mirVana microRNA isolation Kit (Ambion) according to the manufacturer's instructions. TaqMan microRNA array assays were used in order to study the expression levels of 365 microRNAs as previously described (8) .
PPNAD cell line. We used a cell line that was derived from the adrenocortical tissue of patient CAR 47.01 (Supplementary Table S1 ), as previously described (ref. 9; Supplementary Methods).
H89 treatment. PPNAD cells were treated with 1 Amol/L of the PKA inhibitor H89; miR-449 expression was then evaluated by real-time PCR analysis. WISP2 mRNA expression was evaluated 24 h after H89 treatment by real-time PCR. Real-time PCR experiments were performed in triplicate and the data are presented as mean F SD.
Statistical analysis. A two-sample t test was done for experiments described above. Experiments were done at least in triplicate, and a mean was calculated. P < 0.05 was considered significant.
Results
MicroRNA gene signature in PPNAD. We studied the expression of 365 microRNAs in 10 adrenal samples that we collected from patients with PPNAD and compared them with four normal adrenal samples. We detected 44 differentially expressed microRNAs between PPNADs and normal samples. Specifically, 33 microRNAs were down-regulated, whereas 11 were up-regulated in PPNADs in comparison to normal samples (Fig. 1) . Real-time PCR analysis paralleled our microRNA array results and confirmed the differential expression of the 44 microRNAs in PPNAD compared with normal adrenal samples ( Supplementary Fig. S1 ). Among the highly down-regulated microRNAs, we detected miR-200c (À10.74-fold), miR-200b (À9.57-fold), miR-375 (À9.97-fold), and miR-449 (À8.42-fold). On the other hand, miR-594 (7.38-fold) and miR-301 (7.57-fold) were the most highly up-regulated ones; the other microRNAs with increased expression had an increase of 1.84-fold to 3.94-fold.
Let-7b expression correlated with severity of Cushing syndrome due to PPNAD. We classified our patients on the basis of their midnight cortisol levels into three groups (Supplementary Table S1 ). The first group included the patients with midnight cortisol levels <10 Ag/dL (patients 4, 6-8), the second had cortisol levels between 10 and 20 Ag/dL (patients 1-3), and the third group included patients with cortisol levels >20 Ag/dL (patients 5, 9, and 10). Comparison between microRNA expression and midnight cortisol levels revealed a significant inverse correlation between let-7b expression and midnight cortisol levels (r = À0.9499; Supplementary Fig. S2 ).
Integration of microRNA with serial analysis of gene expression data together with bioinformatic algorithms predicts microRNA-gene target pairs in PPNAD. Because microRNA exert their biological functions through the suppression of target genes, it is important to identify microRNA-gene target pairs. Recently, Huang and colleagues used microRNA with cDNA expression profiling data to identify human microRNA targets (10) . To identify statistically significant microRNA gene targets, we selected only the microRNA gene targets that were predicted by three different bioinformatic algorithms (Supplementary Fig. S3 ; Supplementary Methods). We then integrated our microRNA and serial analysis of gene expression data (5) and selected only the microRNA-gene target pairs that were expressed in patients with PPNAD and were inversely correlated.
We identified nine microRNA-gene target pairs that are potentially implicated in PPNAD pathogenesis (Table 1 ; Supplementary Fig. S4 ). Specifically, miR-203 potentially targets murine osteosarcoma viral oncogene homologue B (FOSB), whereas miR-7 potentially targets inhibin-a (INHA). Both miR-15 and miR-16 potentially target serine/threonine kinase 19 (STK19) and cyclin D2 (CCND2); also, miR-16 potentially regulates chromogranin A (CHGA) expression. Additionally, miR-7 potentially regulates G protein-coupled receptor 107 (GPR107) and miR-449 is predicted to regulate WISP2. Real-time PCR analysis of these nine microRNAgene target pairs revealed that the miR-449-WISP2 pair was the highest inversely correlated in our PPNAD tissues (r = À0.9743; Supplementary Figs. S5 and S6) .
MiR-449 regulates WISP2 expression in PPNAD cellular system. Due to the fact that miR-449 was one of the highest downregulated microRNAs in PPNAD and is predicted to regulate WISP2, an important player of Wnt signaling pathway, we further studied the role of miR-449-WISP2 interaction in PPNAD pathogenesis using a cell line derived from a patient with PPNAD. In these PPNAD cells, we identified that WISP2 was highly expressed (3.6-fold) in comparison to normal adrenal samples ( Fig. 2A) . On the other hand, miR-449 expression was down-regulated (3.84-fold) in the PPNAD cell line (Fig. 2A) . The inverse correlation between miR-449 and WISP2 mRNA expression levels suggested that miR-449 regulates the Wnt pathway in PPNAD. According to our integrative analysis, we found that miR-449 directly targets WISP2 (Table 1 ; Supplementary Fig. S4 ). MiR-449 overexpression (50 nmol/L) suppressed >70% WISP2 mRNA expression (Fig. 2B) . To identify if miR-449 directly regulated WISP2 through binding in the 3 ¶-untranslated region (UTR), we performed luciferase assay which revealed that miR-449 inhibited >60% WISP2 3 ¶-UTR luciferase activity, suggesting that miR-449 directly regulates WISP2 expression (Fig. 2C) .
PKA activates the Wnt pathway through miR-449 inhibition. In order to detect if miR-449 is regulated by PKA, we treated PPNAD cells with high PKA activity (9) with H89 (1 Amol/L) and tested miR-449 expression. Inhibition of PKA activity by H89 increased miR-449 expression (Fig. 3A) , followed by a (Fig. 3B) . To further investigate if PKA affects WISP2 expression through miR-499, we transfected the same PPNAD cells with increasing concentrations of the inhibitor of miR-449 (as-miR-449) together with H89 (Fig. 3C) .
H89, which up-regulated miR-449 expression, down-regulated WISP2 mRNA by >60% (lane 2), whereas treatment with as-miR-499 blocked the inhibitory effect of H89 (lanes 4-6). These data suggested that PKA activation blocks miR-449 expression and cPutative microRNA targets fulfilling the criteria described in Supplementary Figure 3 . miR-449 inhibition allows the up-regulation of its target gene WISP2.
To test if PKA regulates miR-449 and WISP2 expression only in PPNAD cells, we treated Saos-2 osteosarcoma cells with forskolin and identified a >70% down-regulation of miR-449 expression whereas WISP2 mRNA expression levels were increased (5.6-fold; Supplementary Fig. S7 ; Supplementary Methods). Furthermore, H89 treatment blocked the effect of forskolin in miR-449 and WISP2 expression levels ( Supplementary Fig. S7 ). Overall, these data suggest that PKA regulates miR-449 and WISP2 expression not only in PPNAD cells but also in other cancer cells.
Discussion
This is the first study of microRNAs in PPNAD and, indeed, in any form of adrenal hyperplasia. We detected 44 microRNAs which were differentially expressed in PPNAD versus normal adrenal tissue. The PPNAD microRNA signature revealed an aggressive phenotype that is similar to the microRNA profiles of various malignancies: it is characterized by significant down-regulation of microRNAs (33/44). According to previous reports, in carcinogenesis, there is mainly suppression of microRNA expression (7) . Several of the microRNAs identified to be down-regulated in PPNAD relative to normal adrenal tissues have been implicated in tumorigenesis. Specifically, four members of the let-7 family (let-7a, let-7b, let-7c, and let-7g ) were down-regulated in PPNADs, suggesting that the aggressiveness and increased cell proliferation of PPNADs may be also due to let-7 down-regulation. The let-7 family is a very important microRNA family in cancer which seems to have a tumor suppressor role through different mechanisms (11) . Furthermore, miR-200b and miR-200c, both highly downregulated microRNAs in PPNAD tissues, are important regulators in epithelial-mesenchymal transition (12) . We also identified miR-449 as one of the highest down-regulated microRNAs in PPNAD; its function has not been studied previously. Additionally, we detected microRNAs with increased expression in PPNAD tissues. Among them, miR-210 has been found up-regulated in breast cancer and is regulated by the hypoxia-inducible factor (HIF1A; ref. 13) .
To discover a putative association between microRNA expression levels and the severity of the disease, we studied the correlation of different clinicopathologic variables such as diurnal cortisol levels, urinary-free cortisol levels, and 17-OH-steroids with the PPNAD microRNA signature. All these variables are important diagnostic factors of PPNAD and previous studies have shown that midnight cortisol levels correlate with disease severity (14) . In addition, it has been suggested that cortisol oversecretion in adrenocortical carcinomas is related to poor prognosis (2). Let-7b was found to be negatively correlated to these clinical indices.
Several bioinformatic algorithms have been constructed in order to predict microRNA gene targets. These algorithms predict hundreds of potential gene targets, which cannot all be experimentally validated. To clarify the biological effects of microRNAs in PPNAD, we identified their putative gene targets using the available bioinformatic algorithms and we integrated the computationally predicted target genes with expression data on PPNAD that we have previously published (5) . Interestingly, the most significant correlation was found between miR-449 and WISP2 expression levels, supporting the potential involvement of Wnt signaling in PPNAD that has been suggested by other studies (5, 15) . The Wnt signaling pathway regulates a vast range of cellular functions such as growth and differentiation and is critical during embryonic development (16) . In familial adenomatous polyposis, mutations of the adenomatosis polyposis coli (APC) gene activate the Wnt pathway and lead to the formation of adrenal adenomas (17, 18) . Interestingly, expression studies in both massive macronodular adrenocortical disease/adrenocorticotropic hormone-independent macronodular adrenal hyperplasia (19) and PPNAD (5) have indicated the overexpression of genes involved in the Wnt pathway such as WISP2, catenin-h1 (CTNNB1), and glycogen synthase kinase-3h (GSK3B).
Our findings here propose that microRNAs potentially link PKA and Wnt signaling pathways. The data suggest that microRNAs are a mechanism that might be involved in the formation of PPNAD nodules and the consequent activation of the Wnt pathway as shown in other studies (5, 15) .
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